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OPTIMIZATION OF THE FORENSIC IDENTIFICATION OF BLOOD USING 
SURFACE-ENHANCED RAMAN SPECTROSCOPY 
MIRANDA L. SHAINE 
 
ABSTRACT 
     Blood is considered one of the most important types of forensic evidence found at 
a crime scene.  The use of surface-enhanced Raman spectroscopy (SERS) provides a 
potentially non-destructive and highly sensitive technique for the confirmation of blood 
and this method can be applied using a portable Raman device with quick sample 
preparation and processing. Crime scenes are inherently complex and the impact of SERS 
analysis provides easy use and practical application for in-field sample analysis. 
     SERS is one of the few confirmatory techniques employed for the identification of 
blood at a crime scene or in the forensic laboratory.  This method is able to distinguish 
between blood and other body fluids by collecting a SERS spectrum from a sample placed 
on a surface that has been embedded with gold nanoparticles (AuNPs).  The AuNPs create 
an electric field surface enhancement that produces an intense molecular vibrational signal, 
leading to a SERS enhancement.  The SERS enhancement allowed for sensitive blood 
detection at dilutions greater than 1:10,000.  A stain transfer method to the SERS substrate 
was optimized by extracting dried bloodstains with water, saline, and various acid 
solutions.  Fifty percent aqueous acetic acid solutions was found to be the most efficient in 
retaining the blood components and releasing the hemoglobin component of blood for 
detection. 
     The SERS spectrum of blood is a robust signature of hemoglobin that does not 
 
vi 
significantly change between donors nor over time.  Characteristic peaks for the 
identification of blood are 754, 1513, and 1543 wavenumbers (cm-1), attributed to a pyrrole 
ring breathing mode (n15) and two Cβ-Cβ stretches (n11, n38), respectively.  These key SERS 
peaks, high sensitivity, and signal enhancement are favorable when compared to normal 
Raman spectroscopy.  A quick and easy-to-use procedure for on-site sample analysis for 
the detection of blood on different substrates was developed and applied on a portable 
Raman device.  Various nonporous and porous substrates including glass, ceramic tile, 
cotton, denim, fleece, nylon, acetate, wool, polyester, wood, and coated wood yielded 
strong results for identification of bloodstains.  In addition, different commercial and in-
house SERS substrates were tested to determine effectiveness for the detection and 
identification of blood. 
     SERS identification of blood for forensic work is a potentially non-destructive and 
portable tool that can be applied for quick and easy examination of evidence at a crime 
scene.  The high sensitivity and selectivity of SERS provides a robust spectroscopic 
signature that aids in the confirmation of blood, even when it is not visible to the naked 
eye.  It is a more favorable method when compared to current presumptive and 
confirmatory tests for blood and can be applied to stains on different SERS substrates and 
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1.1 Blood in Forensic Casework 
     Blood is the most common biological fluid found as evidence at a variety of crime 
scenes. The deposition of blood can be due to a contact transfer or due to gravity. Blood is 
a very useful type of evidence at a crime scene due to its ease of transfer and extreme 
difficulty to clean up. In most cases it is easily seen by the naked eye due to its characteristic 
dark red color, and it yields accurate deoxyribonucleic acid (DNA) profiles even at trace 
amounts (ng/µL).1  Thus, the detection and identification of blood is an important 
capability for establishing connections between the evidence, victim(s), suspect(s), and the 
crime scene. 
 
1.2 Chemical Compositions and Properties of Blood 
     Blood in the human body is mainly composed of a fluid portion and a cellular 
portion.  The fluid portion, approximately 55% of the total blood volume, is comprised of 
plasma and contains water, ions, proteins, nutrients, wastes, and gases.  The cellular portion 
is correspondingly 45% of the total blood volume, and consists of red blood cells (RBCs), 
white blood cells (WBCs), and platelets.2  One cubic millimeter of liquid blood contains 
approximately 4 to 6 million RBCs, which are the most common cell type found in blood.2 
The main protein in RBCs is hemoglobin, which transports oxygen throughout the body, 
and thus the presence of hemoglobin can be used to unequivocally identify blood.  A single 




Figure 1. Structure of hemoglobin and heme. (A) Quaternary structure of hemoglobin molecule 
highlighting one of four heme molecules. (B) Chemical structure of heme (yellow) highlighting the porphyrin 
ring (blue) and pyrrole ring (red). Source: Images modified from Public Domain Image, Wikimedia 
Commons. 
 
     Hemoglobin is a tetrameric molecule composed of four globin proteins, each of 
which has an iron-containing, non-protein heme group, which is the pigment of RBCs 
(Figure 1A).  These four protein subunits are arranged in a helical formation and contain 
two alpha chains and two beta chains. The heme group attached to the globin contains one 
ferrous iron atom (Fe2+); therefore, one hemoglobin molecule can bind four oxygen 
molecules. The structure of heme consists of a porphyrin ring bound to a center ferrous 
iron atom (Fe2+) (Figure 1B).  The porphyrin ring is the organic part of the heme moiety 
and contains four heterocyclic nitrogen pyrrole subunits, two propionic acid, and two vinyl 




1.3 Current Forensic Methods for Detection of Blood 
     Forensic scientists employ a variety of presumptive and confirmatory tests for 
detecting the presence of body fluids at a crime scene. Specifically, there are a variety of 
presumptive methods for the detection of blood at a crime scene; however, confirmatory 
tests for blood are minimal and can be difficult to interpret. There is not currently a 
universal method for the identification of all forensically relevant body fluids that can be 
easily adapted for in-field analysis. Surface-enhanced Raman spectroscopy (SERS) 
analysis fulfills that need. 
 
1.3.1 Presumptive Tests Based on Oxidation-Reduction Reactions 
Catalytic color tests for blood are based on an oxidation-reduction reaction and are 
used as a preliminary test for the presence of blood. Color tests are qualitative and semi-
quantitative based on the resulting characteristic color formation. Some common catalytic 
color tests are the Kastle-Meyer test (KM), Leuco crystal violet (LCV), and luminol. 
Typically, the oxidizer is hydrogen peroxide, and the peroxidase-like activity of the heme 
molecule catalyzes the reaction to reduce hydrogen peroxide and oxidize the organic, 
colorless dye, which yields its characteristic color. 
The KM test, also known as the phenolphthalein test, is prepared under alkaline 
conditions. Phenolphthalin is the reduced, colorless form of the reagent that is oxidized to 
phenolphthalein and produces a characteristic bright pink color in the presence of blood. 
KM is one of the more specific color tests for blood4,5 and has been reported to slightly 
decrease the quantity of available DNA during subsequent testing.6,7  
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     LCV is another catalytic color test that is used in forensic evidence examination.  It 
is colorless and is prepared in acidic conditions. Once in contact with peroxidase-like heme, 
LCV is oxidized to Crystal Violet dye, causing a pink-purple color to appear. LCV is very 
useful because it can be used on porous and non-porous surfaces and is a widely used 
technique for the detection of latent bloodstains.  
     Luminol is a chemiluminescence assay, resulting in the emission of blue light 
produced by a chemical reaction.  Heme acts as a catalyst to accelerate the oxidation of 3-
aminophthalhydrazide (luminol), and latent bloodstains can be visualized by the naked eye 
as a bright-blue “glow”.8 Luminol was first suggested for use in forensic blood detection 
by McGrath in 1942, as he noted that older stains emitted a higher intensity and longer-
lasting luminescence than fresher ones due to the fact that more hematin is available over 
time in the bloodstains.9 Luminol works better on older stains than fresh stains because 
over time the hematin in the blood separates from the globin and there are more iron atoms 
oxidized, resulting in heme being more easily accessible to the reagent.9,10  Luminol can 
detect latent bloodstains down to 1:5 million sensitivity and can be sprayed over large 
areas.11 It is not detrimental to DNA testing and is useful for detecting stains that are either 
very old or have been attempted to be cleaned up.6,12 Some drawbacks of luminol however, 
are that it is visualized best when viewed in complete darkness, and that the 
chemiluminescence only lasts a few seconds to around a minute. 6,9,13 Furthermore, luminol 
is known to have many false positives due to many household items, such as bleach or 
detergents.13 Thus, an area or item that had been cleaned with bleach would yield a strong 
and misleading blue chemiluminescence. 
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Catalytic color tests are useful as quick, easy, and inexpensive methods for the 
presumptive identification of patent or latent blood. These tests are considered only 
presumptive, however, because their lack of specificity yields false positive results under 
certain circumstances. Chemical oxidants such as copper, bleach, and metallic salts, can 
catalyze the oxidation process in some color tests without the presence of heme. Additional 
factors, such as plant peroxides and natural oxidation due to exposure to air, can yield a 
positive color change.13 In addition, non-human blood and trace amounts of blood in other 
body fluids such as saliva or urine can yield a positive result and mislead an investigator. 
False negative results can occur if a bloodstain is contaminated by a strong reducing agent 
or the presence of tannins (in leather), or if biological degradation has occurred due to 
environmental factors. The subjective nature of color tests exhibiting weak reactions is also 
a drawback to this method of detection. 
 
1.3.2 Confirmatory Tests Based on Hemoglobin and Its Derivatives 
Microcrystalline tests are accepted as a confirmatory test for blood.5,10 In these 
tests, chemical reagents and heat are applied to a bloodstain and the presence of heme forms 
characteristic crystals.10,14 These crystals are observed and analyzed under a microscope. 
The first microcrystalline test was performed by Teichmann in 1853, in which he used 
glacial acetic acid, salts (potassium bromide (KBr), potassium chloride (KCl), and 
potassium iodide (KI)), and heat to acquire hemin crystals, now known as hematin chloride, 
in which the iron is in its ferric (Fe3+) state.10,14 These characteristic hemin crystals appear 
brownish, and rhombus shaped. A major disadvantage to microcrystal assays is that they 
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require some degree of precision and are easily overheated or underheated, resulting in no 
crystal formation. Thus, the absence of hematin crystals does not necessarily mean that no 
blood is present. These tests are not human-specific, require good microscopy skills, can 
be time consuming, and cannot be routinely carried out in the field.  
 
1.3.3 Confirmatory Tests Based on Immunological Detection of Hemoglobin or 
Glycophorin A 
 
Chromatographic strip immunoassays are used as a confirmatory test for human 
and upper primate blood. When a diluted human blood sample is added to the sample well, 
antigens in the blood conjugate with dye-labeled mobile monoclonal anti-human antibodies 
present in the sample well.15 As the conjugated antigen-antibody complex migrates up the 
strip, immobilized polyclonal anti-human antibodies in the test area conjugate and form a 
“three-layer” antibody-antigen-antibody sandwich, visualized by the formation of a 
colored line. Immunochromatographic assays such as Abacus Diagnostics HemaTrace® 
and Seratec® HemDirect target human hemoglobin and are susceptible to the high dose 
hook effect, which creates a false negative result due to an extremely high concentration 
of target antigens in the sample well. These two chromatographic immunoassays also yield 
a positive result with ferret and upper primate blood.16–19  Rapid Stain Identification 
(RSID)™ Blood is a similar immunoassay that targets a protein called glycophorin A and 
is reported to be neither susceptible to the high dose hook effect, nor cross reactive with 
ferret and non-human upper primate blood.20–22 However, as with all 
immunochromatographic assays currently available, different RSID™ kits are needed to 
test for each separate body fluid. 
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1.4 Raman Spectroscopy 
1.4.1 History 
     In 1928, Chandrasekhara Venkata Raman (C.V. Raman), an Indian physicist, 
became the first to discover the inelastic scattering of incident light when hitting matter, 
and this phenomenon came to be known as the Raman effect or Raman scattering.23 This 
inelastic light-matter interaction results in a change of energy and direction of the incident 
photon. It was not until the invention of the first laser in 196024, that C.V. Raman’s 
discovery of inelastic scattered light became popular due to the existence of a more 
practical source of incident monochromatic light. 
 
1.4.2 Principle and Theory 
     Raman spectroscopy is a technique in which the vibrational frequencies of 
molecules are observed and used as a spectroscopic fingerprint allowing molecules to be 
uniquely identified. Monochromatic light (primary radiation) of frequency no, typically 
from a laser, interacts with molecular vibrations or phonons of the illuminated region of a 
sample.  A lens system collects the scattered radiation, ns, and directs it to a 
monochromator.  Elastically scattered light (no) is filtered out, and the secondary radiation 
or scattering (ns) is dispersed onto a detector.  Scattered intensity at no - ns, identifies the 




Figure 2. Jablonski diagram of energy level transitions of Raman scattering. Transitions of excited 
electrons from vibrational energy state to virtual energy state and back down to vibrational energy state 




     Rayleigh scattering is elastic – the incident photons are of equal energy to the 
emitted photon (no). Stokes and Anti-Stokes Raman scattering features are inelastic and 
correspond to discrete vibrational transitions (Figure 2). In Stokes scattering, the emitted 
photon is lower in energy than the incident photon, and in Anti-Stokes scattering, the 
emitted photon is higher in energy than the incident photon.25 Stokes scattering is normally 
larger than anti-Stokes and will be the focus of the experimental work described in this 
thesis. Raman spectroscopy and infrared (IR) spectroscopy are generally complementary 
spectroscopic vibrational methods. A Raman signal is generated when a molecular 
vibration results in a change in the electronic polarizability caused by a deformation in the 





     The complete Raman instrumentation platform consists of a laser source, sample 
stage, spectrometer, detector, and a computer data system (Figure 2).26,27  Laser emission 
can range from the ultraviolet (UV) to the near-infrared (near-IR) wavelength regions, thus 
the selection of a Raman excitation wavelength depends on the application. Raman signal 
intensity, sensitivity, and spatial resolution are factors that are affected by laser wavelength 
selection. Two common types of lasers are argon and krypton lasers. Due to the inherently 
weak Raman signal, an optimal laser wavelength is desired to diminish the potential of a 
sample’s strong fluorescence emission, which could interfere with any Raman signal. 
Raman measurements can either be macro- or micro-sized. Raman microspectroscopy 
requires the use of a microscope to focus the sample area to a much smaller sample volume, 
and the backscattered light is then collected by the same objective lens. A holographic filter 
eliminates the unwanted incident laser light and elastically-scattered photons.  The 
inelastically scattered light is dispersed by a diffraction grating in the spectrometer and 
onto a detector and the signal is then analyzed by a computer system. The most common 
Raman detector is a charge-coupled device (CCD) detector;  photomultiplier tubes and 
photodiode detectors have also been used in the past but require longer acquisition times 







Figure 3. Schematic representation of Renishaw inVia™ Raman spectrometer. Image modified from29 
 
     Various parameters can be altered to increase spectral resolution, decrease 
competing fluorescence, avoid sample degradation, and enable practicality of spectra 
acquisitioning. Laser wavelength, laser power, laser focus, magnification strength, 
acquisition time, and pixel resolution are some factors that can be optimized using the 
Raman spectrometer. Resulting Raman spectral data is outputted as a relative intensity 
versus wavenumber (cm-1) spectrum.  
 
1.4.4 Applications in Forensic Science 
     “Normal” (Non-SERS) Raman spectroscopy is particularly attractive to scientists 
because it is a rapid, non-destructive, and portable method for the detection and 
identification of compounds. In 2008, a published study documented the first portable 
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Raman spectroscopy analysis performed in an airport environment for the successful, quick 
identification of illicit substances.30 Raman spectroscopy has also been used for the 
identification of condom lubricant chemical composition31, colored cotton fibers32, liquid 
explosives33, and differentiation of blue gel pen inks34. Further, normal Raman 
spectroscopy has been studied for the identification of body fluids (blood, semen, saliva, 
vaginal fluid, urine, and sweat).17,35,36 
 
1.5 Surface-Enhanced Raman Spectroscopy 
1.5.1 History 
     The surface-enhanced Raman scattering effect, where the electrochemical surface-
enhanced interaction between pyridine and the silver surface yielded intense Raman bands, 
was first observed in 1974 by Fleischmann et al. These strong Raman signals were 
determined to be due to the way the silver electrode surface interacted with the large 
amount of pyridine molecules.37  In 1977, however, independent studies concluded that the 
strong intensity was not due to the high concentration of pyridine molecules, but instead 
was attributable to a 106 signal amplification due to the inherent electronic properties of 
the nanostructured silver metal surface.38,39  
 
1.5.2 Principle and Theory 
The phenomenon of surface-enhanced Raman spectroscopy/scattering (SERS) is 
currently accepted to be due to two main effects: an electromagnetic mechanism40,41 and a 
chemical mechanism42.  The electromagnetic mechanism results from a resonance 
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interaction between the electromagnetic fields of both the incident and scattered radiation 
and the electronic properties of metal nanoparticles or clusters of metal nanoparticles, 
typically gold (Au) or silver (Ag). The metal nanoparticles or clusters exhibit surface 
plasmon resonance (SPR) excitations induced by incident light of selected frequencies, that 
amplify the resulting electromagnetic fields in the vicinity of the nanoparticle surface. The 
locally enhanced optical fields near the metal surface amplify both the incident and 
scattered Raman radiation, thus yielding strong SERS enhancement for laser radiation 
resonant with the SPR. 43 The chemical enhancement mechanism yields an intensified 
Raman signal resulting when physi-adsorption of the analyte of interest to the metal surface 
results in strong molecule-metal electronic interaction or charge transfer band that is also 
resonant with  the exciting laser light.44 This extra enhancement mechanism can be 
understood as an (electronic) resonance Raman effect.45  Both the electromagnetic and the 
chemical mechanism are responsible for the SERS spectra described in this thesis. 
SERS-active Au and Ag nanoparticle substrates contain surface plasmon 
resonances in the visible-near infrared region. The surface plasmon phenomenon, known 
as long-range enhancement, is even able to detect molecules that are relatively far apart 
from the nanoparticle surface at approximately 30 nm46 but the strongest signals are from 
molecules near the metal substrate, especially when the chemical enhancement mechanism 







     SERS has had an impact on the scientific community due to its inherent non-
destructive nature and its cost-effective availability for portable instrumentation, in 
addition to its large (106 – 108) signal enhancement capability. It is more favorable than 
normal Raman spectroscopy because of production of rapid, robust, highly sensitive and 
specific signals, which allows for unequivocal spectral detection and identification. 
Minimal to no sample preparation is required, which enables quick analysis of samples. 
SERS can enhance normal Raman spectral features by 1010 to 1011 signal intensities47, 
which facilitates the detection of vibrational fingerprinting to single-molecule sensitivity 
when combined with a strong electronic resonance effect.37,48,49 SERS single-molecule 
“hot spots” producing a 1014 enhancement compared to normal Raman signal have also 
been recorded43 although the per molecule enhancement factor can be as much as 108 for a 
strongly enhancing SERS substrate away from electronic resonance as for the studies 
described here.  The non-destructive nature of SERS is attractive for forensic analysis 
because it minimizes the alteration of items that require further downstream testing or 
presentation in court. 
 
1.5.4 Applications in Forensic Science 
     The application of SERS is not only useful for the detection and identification of 
body fluids (such as blood, saliva, urine, semen, vaginal fluid, and menstrual blood), but 
has also been utilized for the identification of bacterial species and strains50–53 and to 
identify the ink composition of colored BIC® ballpoint pens.54 SERS identification of 
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illicit drugs in human urine55–57, human saliva58–60, human blood61, and alternatives to 
injectable drugs62 has been successful. SERS has also identified organic colorants in fibers, 
paints, and glazes.63  
 
1.6 Research Objectives 
     The objective of this research is to optimize a universal method for the 
identification of blood that includes the evaluation of alternate SERS substrates and the use 
of a portable instrument. SERS offers the capability to identify very low concentrations of 
blood while still maintaining a very high signal to noise ratio for low incident laser powers 
as compared to normal Raman spectroscopy and other methods of blood detection. This 
method can be readily applied to in-field sample analysis using a portable Raman 
spectrometer, in part because such low incident laser power is needed, and encompasses 
an easy-to-use sample collection and analysis method. The results could subsequently be 











2. MATERIALS AND METHODS 
2.1 SERS Substrates 
Gold SERS active substrates utilized in this study (“SERS chips”) were 
manufactured from an in-house procedure developed by Dr. Lawrence Ziegler’s research 
group at Boston University Photonics Center (Figure 4A).50  The chips are produced by an 
in situ gold (or silver) ion doped sol-gel procedure resulting in clusters of Au (or Ag) 
nanoparticles  on a silicon dioxide (SiO2) substrate.50,53 The ~80 nm sized metallic 
nanoparticles form clusters of approximately 1-15 on the outer layer of the ~1 mm2 SiO2 
SERS active substrate (Figure 4B).50 A 785 nm excitation from a photodiode laser is used 
in these studies because the SERS substrate predominantly used in this research was 
designed to have a broad surface plasmon resonance around 800 nm.50,64 
 
Figure 4. Gold SERS active chip substrate. (A) Gold SERS substrates in gold colloid solution for 
maximum shelf-life. (B) Scanning electron microscope (SEM) image of SERS substrate at a 10-times 






2.2 Specimen Collection 
     All human samples collected for this research were anonymously donated in 
compliance with the Boston University School of Medicine Institutional Review Board.  
Blood donations originated from sterile finger pricks.  
 
2.3 Sample Preparation 
     Neat bloodstains were prepared either by direct transfer from the finger onto a glass 
coverslip (Thermo Scientific, Portsmouth, NH) or by depositing 1 µL pin-prick human 
whole blood between two glass coverslips. All liquid blood samples were allowed to dry 
in ambient conditions for at least 24 hours. 
 
2.3.1 Dilutions 
     Following standard protocols, 2 µL of pin-prick whole blood were serially diluted 
in distilled water to prepare 102, 103, 104, and 105 dilutions. Desired volumes (2, 10, 25, 
50, 80, and 100 µL) were removed from the microcentrifuge tube, aliquoted onto glass 
coverslips, and dried for at least 24 hours in ambient room conditions. The bloodstains 
were outlined in black marker for easier visualization when dry. 
 
2.3.2 Comparison of Human Body Fluids 
For Partial Least Squares-Discriminant Analysis (PLS-DA), blood, semen, urine, 
saliva, and vaginal fluid samples were analyzed for spectrally determined classification. 
The vaginal fluid samples were self-collected on a sterile cotton swab and stored in a 
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freezer (-20 ˚C) until use. Once selected for use and thawed 24 hours, approximately one 
fourth of the vaginal fluid swab was removed and placed in a microcentrifuge tube with 25 
µL of 50% acetic acid and mixed by pipetting up and down approximately 4-5 times. After 
mixing, 1 µL of the extracted vaginal fluid was placed on a gold nanoparticle-coated SERS 
substrate and left to dry for 5 to 10 minutes to evaporate all the acetic acid. For liquid 
samples of blood, semen, urine, and saliva, 25 µL were placed on a glass coverslip and 
allowed to dry for 24 hours. For re-extraction, 1 µL of 50% acetic acid was pipetted up and 
down three times in the same spot on the dried sample and then placed on the SERS active 
substrate. The SERS substrate was then air-dried for approximately 5-10 minutes to 
evaporate all of the acetic acid. 
 
2.3.3 Luminol 
A standard concentration of luminol solution (5.64 mM luminol) was prepared 
according to the Grodsky formula (3.5 g sodium perborate and 500 mL distilled water 
combined with 0.5 g luminol and 25 g sodium carbonate).65  A 1:100 dilution (56.4 µM 
luminol) of luminol solution was prepared with the same materials. Luminol was stored 
away from room light and prepared daily due to its instability and very short shelf-life. 
Luminol was sprayed approximately 5-6 inches away from the substrate. 
 
2.4 Optimization of Extraction Method 
     Hydrochloric acid (HCl), sulfuric acid (H2SO4), carbonic acid (H2CO3), and acetic 
acid were tested for the blood extraction efficiencies. Concentrations of 0.1 M HCl at 
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power of hydrogen (pH) 0.9, 0.1 M H2SO4 at pH 0.8, H2CO3 at pH 3.7, were analyzed, in 
addition to varying concentrations of acetic acid (25%, 50%, 75%, and 100%), for 
extracting solution optimization using the pipetting extraction method. Neat bloodstains, 
dried for 24 hours on a glass coverslip, were re-extracted using 1 µL of each respective 
solution, pipetted up and down three times on the blood spot, and deposited onto the SERS 
substrate. 
 
2.4.1 Re-Extraction Technique 
2.4.1.1 Extraction from Glass Cover Slip 
Extraction of blood from nonporous substrates (glass and ceramic tile) utilized a 
pipetting method and a cotton swab method. For the pipetting method, dried blood was 
extracted using 1 µL of distilled water, saline, or 50% acetic acid. The micropipette tip was 
placed on the surface of the glass coverslip, and the liquid was pipetted up and down three 
times while maintaining contact with the sample at all times (Figures 5A and 5B). The 
complete 1 µL re-extracted sample was then placed on the SERS substrate and allowed to 
dry for approximately five to ten minutes, either on a microscope slide (Figure 5C) or a 






Figure 5. Pipette extraction from a glass slide. (A) The pipette with 1 µL of the extracting solution is 
placed on the dried bloodstain and pipetted up and down three times. (B) The circled image depicts the 
extremely minimal concentration of red blood cells that are re-extracted, yet still provides an intense and 
robust SERS signal. The extracted sample is then placed on the (C) SERS substrate on a microscope slide or 
(D) a SERS substrate holder. The red dotted square outlines the same dimension coverslip to represent a size 
scale comparison. 
 
For the cotton swab method, a sterile cotton swab was dipped in 50% acetic acid 
and then gently rubbed on the surface of the nonporous substrate to pick up the blood 
sample. The cotton swab was then lightly tapped onto the surface of the SERS substrate 
and allowed to dry for approximately 5 minutes. 
 
2.4.1.2 Extraction from Substrates 
     To extract blood from various porous and nonporous substrates, the cotton swab 
method was utilized, as previously described. 
 
2.4.2 Swab Variability 
     For gold nanoparticle-embedded SERS-active swab substrates, 5 µL of in-house 
prepared gold nanoparticles were deposited onto the surface of sterile cotton, nylon, and 
polyester swabs and allowed to dry for approximately 15 minutes. To use the SERS-active 
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substrate, the swab was quickly dipped into 50% acetic acid, and the surface of the sample 
was gently rubbed with the swab and allowed to dry for approximately 10 minutes. The 
samples were viewed with a laser power of 1.1 milliwatt (mW) and at 200x magnification. 
 
2.4.3 Detection of Blood on Cleaned Ceramic Panel 
     One milliliter of commercial human whole venous blood (HumanWBK2EDTA, 
Cat# HUMANWBK2PZN, Lot# HMN89076) was deposited on a 29.5 cm by 29.5 cm 
ceramic tile and allowed to set for approximately 30 seconds. A wet paper towel was used 
to wipe up the blood until there was visually no blood or red color observed on the tile with 
the naked eye. The wiped-up blood sample was dried for 24 hours in ambient air and 
temperature. A fresh 1:100 luminol dilution using the Grodsky method was prepared and 
sprayed approximately five times across the entire surface of the ceramic tile, and the 
resulting blue chemiluminescence was photographed and documented. The luminol-treated 
surface was air-dried for approximately 3 hours. The sample was collected using a sterile 
cotton swab dipped in 50% acetic acid and rubbed on approximately one fifth of the surface 
of the tile until fully saturated, and then tapped on the surface of the gold SERS-active 
substrate. Spectra were acquired with a power of 0.3 mW at 500x magnification with 10 
second accumulation times. 
 
2.5 Metrohm Unit Device 
     A miniature, portable 785 nm Raman spectrometer with a SERS attachment was 
utilized to acquire blood spectra (Figure 6A). The spectrometer, a Metrohm Instant Raman 
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Analyzer (Mira), model number: 1.926.0020, (Metrohm AG® Instruments, Herisau, 
Switzerland) was used in conjunction with a SERS attachment. The resulting spectra were 
then able to be visualized with the aid of a computer data system or on the Mira device 
screen (Figure 6B). 
 
Figure 6. Metrohm Instant Raman Analyzer (Mira) with SERS attachment. (A) A handheld, portable 
Raman device with a SERS attachment which is compatible with the in-house SERS substrate developed. 
(B) Resulting SERS spectrum acquired displayed on instrument screen. (C) In-house gold SERS substrate 
in substrate holder modified for Metrohm. (D) Metrohm commercial gold SERS paper substrate (purple 
visually) that comes with the device.  
   
     The Mira handheld Raman analyzer was supplied with gold and silver paper SERS-
active substrates (Metrohm). Initially, to assess the effectiveness of the paper SERS 
substrates, neat blood was dried for 24 hours and 5 µL of 50% acetic acid was used to re-
extract the blood. The sample was placed on a glass cover slip and the paper SERS-active 
substrate was inverted and tapped onto the liquid sample to absorb it and allowed to dry 
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for approximately 5-10 minutes (Figure 6C). Once dry, the paper substrate was placed in 
the SERS attachment and spectra were acquired.  
      The in-house produced SERS chip substrate (Figure 6A) was subsequently utilized 
in conjunction with the Mira by depositing 1 µL of the pipetted extraction sample on to the 
chip (Figure 6C). Each sample extraction procedure was analyzed on two gold nanoparticle 
SERS substrates and acquired five spectra per chip. Spectra were acquired using 
parameters of 10 mW power and 10 second accumulation times. 
 
2.6 Spectral Acquisition and Analysis 
     A Renishaw RM-2000 inVia™ confocal Raman spectrometer (Renishaw, Wotton-
under-Edge, Gloucestershire) equipped with a microscope (Leica Microsystems, Wetzlar, 
Germany) was used to acquire spectra using a 785 nm diode laser (Renishaw) (Figures 7A 
and 7B). Windows-based Raman Environment (WiRE) 2.0 Software (Renishaw) was 
utilized for spectral collection and acquisitioning, including peak location identification 




Figure 7. Renishaw inVia™ Raman spectrometer with microscopy attachment.  (A) Close up of Raman 
microscope and (B) overall setup of (from left to right) computer data system, Raman microscope, and Raman 
spectrometer with CCD detector. The sample was placed on the sample stage, the microscope focused on the 
sample, and spectra were acquired. 
 
     For normal Raman analysis, spectra were acquired with a 50x long-range objective 
(numerical aperture of 0.75) using ~3 mW incident laser power with 10 second 
accumulation times. For analysis using SERS chip substrates, spectra were acquired with 
a 50x objective using ~0.3 mW incident laser power with 10 second accumulation times. 
For analysis using SERS swab substrates, spectra were acquired with a 20x objective using 
~3 mW incident laser power with 10 second accumulation times. The field of view 
encompassed approximately 100 µm2 and quality control daily frequency calibration was 
performed referencing the characteristic 520 cm-1 vibrational band of a silicon wafer. All 
SERS substrates containing samples were focused under the objective lens, and 
preliminary substrate location was determined using the 750 cm-1 centered window with 1 
second accumulation time. The exact location was then measured using the range of 350 
cm-1 to 2200 cm-1 with 10 second accumulation times for all spectra. SERS spectra were 
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collected and exported from WiRE 2.0 Software to Galactic*.SPC format and analyzed 
with GRAMS/AI™ Spectroscopy Software (Version 7.02, Thermo Galactic) to average 
spectra and manually baseline-correct the SERS spectra.  
 
2.7 Statistical Analysis 
     MATLAB R2016b v9.1.0.441655 (The MathWorks, Inc., Natick, MA) was utilized 
to create spectral figures and statistical analysis. Pre-processing for PLS-DA analysis 
included a spectral cut range 400 - 2200 cm-1, broad background baseline corrections, and 
barcode conversions. A barcoding MATLAB script was created internally at Boston 
University to perform PLS-DA as a classification model for spectral data, which is based 
on the sign (i.e. positive or negative) of the second derivative of the spectrum at each 
wavenumber.51 This representative spectral barcode was denoted as values of “0” or “1” 
and created the input vectors for PLS-DA analysis. This procedure improved classification 
specificity and sensitivity.51 
     Blood and body fluid classification and identification was achieved using PLS-DA. 
PLS-DA is a multivariable data analysis method for statistical classification to differentiate 
between classes and is a good method for the classification of SERS spectra, yielding 
increased sensitivity and specificity.51 A PLS-DA Toolbox v8.5.2 (2019) (Eigenvector 
Research, Inc., Manson, WA) was utilized for data analysis and statistical calculations. 
First, the number of classes and number of members in each class had to be specified. Next, 
the data was preprocessed using a mean center method, which removes the mean offset 
from each variable. Then, a venetian blinds cross-validation method was chosen out of the 
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following options: venetian blinds, leave one out, contiguous block, random subsets, none, 
or custom. The venetian blinds method removed the bottom 9% and the top 10% of the 
data set and included 10 different test sets. Once completed, the PLS-DA model was built 
using 5 latent variables representing a minimum in root-mean-square error (RMSE), which 




3. RESULTS AND DISCUSSION 
     In typical SERS observations, a solution of gold or silver nanoaggregates is mixed 
with the sample to be analyzed and then either examined dried on an inert surface (glass or 
aluminum) as a solid or incubated and analyzed as a liquid.48,66–68 The requirement of fresh 
Au or Ag colloid solution to run SERS analysis hinders the practicality of use. Furthermore, 
such SERS protocols suffered from a lack of reproducibility.  For the SERS analysis in this 
research, the development and optimization of the in-house in situ grown gold nanoparticle 
(AuNP) covered SiO2 SERS substrate offers a wider range of forensic and clinical 
applications for SERS analysis. The ready-to-go SERS substrates produce a robust, 
reproducible, and strong signal enhancement and have a shelf life of over four months. 
These long-lasting SERS substrates are favorable for application in on-site sample analysis, 
such as at crime scenes, as well in forensic laboratories. 
 
3.1 Comparison of Human Body Fluids 
     The use of a single-platform method for the detection and identification of human 
body fluids has not yet been employed in the forensic field. With the instrumentation and 
analysis described, expensive or imprecise presumptive tests for blood (and other body 
fluids) may be able to be discontinued. SERS appears able to distinguish one body fluid 
from another, and would be an important alternative testing method for forensic scientists. 
A previous publication on SERS analysis of 1 µL of neat liquid blood dropped directly on 
the SERS substrate does not show a hemoglobin signature. 64   
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     Numerous SERS spectra of blood, saliva, semen, urine, and vaginal fluid extracted 
with 50% acetic acid were collected and compiled into a PLS-DA training series for 
classification (Figures 8A and 8B). Analysis shows that the various body fluids have their 
own corresponding characteristic peaks in the SERS spectrum that are discernable from 
other body fluids. Blood was able to be completely identified and classified correctly as its 
own body fluid.  
 
Figure 8. Comparison of human body fluids. (A) SERS composite spectral comparison of blood (red), 
saliva (green), semen (blue), urine (cyan), vaginal fluid (magenta) extracted with 50% acetic acid. (B) 
Barcode PLS-DA body fluid classification comparison of blood (red), saliva (green), semen (blue), urine 
(cyan), vaginal fluid (magenta), and unknown body fluid class (grey). 100% sensitivity and 100% selectivity. 
The horizontal red line represents the threshold for classification for blood. 
 
 
     Concurring with previous studies, the hemoglobin SERS spectrum for blood is 
visually and statistically distinguishable from the other common body fluids found at a 
crime scene including saliva, semen, urine, and vaginal fluid.69–71 These differences in the 
SERS spectra among body fluids are attributed to different components that are detected 
via SERS.  Using PLS-DA statistical analysis, SERS can be utilized as a confirmatory 
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method of detecting blood and other body fluids at a crime scene. The training set used for 
this calibration PLS-DA model included 39, 26, 48, 23, and 43 blood, saliva, semen, urine, 
and vaginal fluid spectra, respectively. The classification model was tested to confirm the 
accuracy of the model using five blood samples that were not part of the training set. All 
five of the spectra were correctly classified as blood using the model (Figure 8B). 
 
3.2 Identification and Characterization of Blood 
     When red blood cells were in a saline solution, no lysis occurred, and intact red 
blood cells could be visualized under a microscope at 500x magnification (Figure 9A). The 
red blood cells were disc-shaped and measured approximately 8 µm in diameter.72 The 
blood spectrum of hemoglobin was attributed to the lysis of the red blood cells either by 
water or by drying, and the resulting hemoglobin being released from the cell. Lysed red 
blood cells were not visible under a microscope at 500x magnification (Figure 9B). Under 





Figure 9. Microscopic view of non-lysed and lysed red blood cells on SERS gold substrate. (A) Red 
blood cells in saline (left) are not lysed in solution and red blood cells in water (right) are lysed in solution. 
(B) Lysed red blood cells cannot be visualized under the Raman microscope at 500x on the SERS substrate. 
 
Figure 10. Chemical structure of hematin. Examples of the alpha carbon (Cα), beta carbon (Cβ), and meso 
carbon (Cm) positions of the porphyrin ring are highlighted in red. Image modified from Public Domain 
Image, Wikimedia Commons 
 
        Hematin is a derivative of hemoglobin comprised of a ferric (Fe3+) iron center that is 
complexed with a hydroxyl group at one axial position and lacks the globin (Figure 10). 
The hemin crystals formed during the Teichmann microcrystalline test for blood require 
acetic acid for protein denaturation. Thus, the use of 50% acetic acid in this SERS 
optimization of blood identification was explored. The acetic acid appears to release the 
porphyrin moiety out of the hemoglobin and allows the Fe protoporphyrin IX molecules to 
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be more accessible to the SERS nanostructured metal surface and hence offer more robust 
SERS detection. The SERS spectrum obtained from a 50% acetic acid extraction of 
hematin and a finger prick of neat blood are virtually identical, as shown in Figure 10. 
Therefore, the SERS spectrum of neat blood using 50% acetic acid produced a signature 
of the hemoglobin molecule from the red blood cells and is a confirmatory identification 
of blood.  Major peaks in the hemoglobin spectrum, when present in conjunction with one 
another, are characteristic of blood.64,66 These include the peaks at 754 and 940 cm-1 and 
the doublet located at 1513 and 1543 cm-1, which are attributed to vibrational modes of the 
pyrrole rings, propionic groups, and n38 and n11, respectively, in the hemoglobin structure 
(Table 1).  n38 corresponds to beta carbon (Cβ) stretching vibrational motion and n11 






Figure 11. SERS spectrum of hematin and neat blood extraction using 50% acetic acid. Hematin (blue) 
and neat blood (red) portraying hemoglobin.  
 
 
Table 1. Observed frequencies of SERS Raman spectra of blood at 785 nm. Cα, Cβ, and Cm are the alpha, 
beta, and meso carbon positions, respectively, of the porphyrin ring. 
 
Observed Band (cm-1) Vibrational Mode Assignment 
754 ν15 Pyrrole breathing 
940 ν46 _ _ _ _ _ 
1373 ν4 Pyrrole half-ring stretching symmetry 
1513 ν38 Cβ – Cβ stretching vibration 
1543 ν11 Cα – Cm stretching vibration 
      
     This hemoglobin derived spectrum has not previously appeared in the SERS 
community although vibrational spectra of porphyrins have been extensively studied via 
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Raman for the past 45 years. There have been publications of blood detection with normal 
Raman spectroscopy73–75 and SERS76; however, to date, there have been no publications 
which include the hemoglobin molecule as a SERS spectrum identification of blood. In 
previous studies with nickel (II) protoporphyrin IX, the 1373 cm-1 peak can be attributed 
to the n4 mode, which is in-plane half-ring pyrrole stretching.77–79 n is an in-plane molecular 
vibration/motion as opposed to gamma (γ), which is out-of-plane vibration.77  The 754 cm-
1 band is assigned to the n15 vibration, which is a pyrrole breathing mode with B1g 
symmetry.77,79,80 The 1511 cm-1 band is attributed to n38, and the 1544 band is attributed to 
n11, which are both stretches in Cβ – Cβ and Cα – Cm vibrational modes, respectively.77,79,81,82  
These vibrational assignments have been confirmed by density functional theory 
vibrational force field calculations performed in the Ziegler group.  
 
3.2.1 Extraction of Neat Blood 
     Normal Raman spectroscopy provides important structural data for many fields of 
science; however, there are drawbacks to the use of normal Raman. Normal Raman spectral 
signals can be overwhelmed by high fluorescent background, larger laser line interference 
due to very low intensity of signal and consequent poor signal to noise, longer irradiation 
and averaging times, and higher required incident laser light levels. SERS analysis of 
samples removes those time-consuming spectral processing steps due to the nanoparticle 
amplified signal. When plotted on the same scale, the normal Raman spectrum appeared 
solely as a baseline compared to the SERS spectrum when normalized with respect to 
incident power and number of molecules (Figure 11A). The normal Raman and SERS 
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spectra of neat blood normalized with respect to itself highlights the differences in spectral 
features acquired (Figure 11B). 
 
 
Figure 12. Normal Raman spectroscopy vs SERS. (A) The normal Raman spectrum (red) of neat blood 
normalized on the same axis with respect to the SERS spectrum (blue) of the pipette extraction of neat blood 
with 50% acetic acid. The normal Raman spectrum when compared to the SERS spectrum appears solely as 
a baseline due to the higher numerical density of the sample via normal Raman analysis compared to SERS. 
(B) The normal Raman spectrum of neat blood normalized with respect to itself highlights the spectral 
features. The signal to noise ratio of the SERS spectrum is 200:1 compared to the normal Raman spectrum 




     The normal Raman signal to noise ratio is approximately 7 to 1, and the SERS 
signal to noise ratio is approximately 200 to 1. This is a 28-fold enhancement in signal 
intensity using SERS compared to normal Raman spectroscopy. This significant 
enhancement highlights the benefits of SERS. The normal Raman spectrum collected was 
with many layers of neat blood on a glass side and background subtracted. The SERS 
spectrum collected using a 50% acetic acid pipette extraction procedure appeared to 
increase the concentration of hemoglobin detected. The SERS spectrum also did not require 
any background subtraction due to the immensely large signal obtained. Any background 
noise or signal was masked by the overwhelming SERS signal. Therefore, SERS maintains 
to be a highly robust and useful method to be able to detect very minimal sample amounts 
with much higher signal intensity. 
 
3.2.2 Donor Variability 
     The ability to differentiate the origin of blood sources is very powerful and is 
accomplished through DNA analysis. However, for body fluid identification, donor 
variability is not desired since significant differences between donors would result in 
unreliable classifications. Thus, it is important to assess any donor variability in the 
hemoglobin spectrum, which may be attributed to varying blood component composition 




Figure 13. Donor variability of four blood samples.  (A) SERS spectral comparison of 24-hour dried 
samples from blood donor 1 (red), donor 2 (green), donor 3 (blue), and donor 4 (cyan) samples by pipette 




     There was very little visual and statistical donor variability in the hemoglobin 
spectral peaks (Figures 12A and 12B). The doublet at 1513 and 1543 cm-1 is well resolved 
along with the 754 and 940 cm-1 peaks. Minor variations are present; however, the 
spectrum is still consistent with blood. While differentiating between donors is not 
currently possible using SERS, blood is able to be detected universally, despite its inter-
donor characteristics. The origin of the donor could not be differentiated when statistically 
compared to three other donors and enables SERS identification to be a successful body 
fluid identification method. 
 
3.2.3 Time Variability 
     The effect of time on the SERS spectral analysis of blood is another important 
factor to consider for forensic case sample analysis. While the majority of the blood 
samples were dried for approximately 24 hours in this research, observing the differences 
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in spectral features at various drying times is important. The age of bloodstains varies 
drastically in forensic cases due to every case having different elements and factors.   
 
Figure 14. Time dependency of dried blood. SERS spectral comparison of neat blood dried for 1 hour 
(red), 24 hours (blue), 1 week (green), 2 weeks (magenta), 1 month (black), and 2 months (cyan) extracted 
with 50% acetic acid. Over a 2-month time span, there is minimal variability in the hemoglobin SERS 
spectrum. Aging may be measured by increase of 1630 cm-1 band (black box). 
 
 
     The comparison of the SERS spectral signature of various drying times (1 hour, 24 
hours, 1 week, 2 weeks, 1 month, and 2 months) of neat blood extracted with 50% acetic 
acid was used to portray the reproducibility of versatile samples (Figure 13). It is useful to 
be able to confirm the presence of blood regardless of the air exposure time of a dried 
bloodstain, thus, allowing the use of SERS detection to a universally diverse type of 
sample. Exposure to air normally oxidizes oxyhemoglobin (bright red in appearance) to 
methemoglobin (dark red in appearance).83,84 It appears that the intensity of the band at 
1630 cm-1 slightly increases with age of the bloodstain. The ability to determine how long 
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a bloodstain has been present is very useful to the forensic field by providing a time 
estimation for a crime.  
 
 
3.3 Optimization of Extraction Solvent 
     One previous study explored 785 nm excited SERS analysis of whole human blood 
extracted with saline solution.64 It does not appear that an optimized extraction solvent 
producing a robust and reproducible signal and highly sensitive method has been 
previously published. Additional solutions were compared in conjunction with 50% acetic 
acid including typical water and saline extractions (Figures 14A and 14B), various acidic 
solutions (Figures 15A and 15B), and a range of concentrations of acetic acid (Figures 16A, 
16B, 16C, 18A, and 18B) to ensure an optimal extracting solution for red blood cell 
detection. 
 
Figure 15. Comparison of water, saline, and 50% acetic acid extractions. The 785 nm excited SERS 
spectra of 102 diluted blood dried 24 hours extracted with water (black), saline (blue), and 50% acetic acid 
(red). (A) All spectra are normalized to the maximum intensity peak of 50% acetic acid to illuminate the 
greater enhancement of SERS intensity using 50% acetic acid solvent rather than traditional water or saline 
solvent. The signal of 50% acetic acid is 200 times greater than the noise compared to only 45 and 63 times 
greater for water and saline, respectively. Characteristic hemoglobin peaks are present at 754 cm-1, 1513 cm-
1, and 1543 cm-1 corresponding to the beta carbon vibrations in the heme porphyrin rings. (B) The respective 
spectra are stacked to compare spectral features with water, saline, and 50% acetic acid pipette extraction. 
The integrity of spectral features is lost at a 102 diluted concentration. 
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     While both water and saline extractions of neat and diluted dried blood are 
beneficial for the identification of blood, 50% acetic acid solution was determined to be 
the optimal solution for providing a robust hemoglobin SERS signature. Fifty percent 
acetic acid produces robust and reproducible signal enhancement (10 times greater) and 
improved signal to noise ratio when compared to water and saline. It is currently unknown 
if the enhancement effect is attributed to the acidity of the extraction solution or a specific 
chemical interaction between 50% acetic acid and hemoglobin for example complex 
formation at one of the axial positions is responsible for the improved SERS performance 
in 50% acetic acid. It is also possible that 50% acetic acid orients the hemoglobin molecule 
in a specific position to the metal nanoparticle surface that allows optimal SERS detection. 
 
Figure 16. Various acid-based extractions on neat blood. SERS spectra of 24-hour dried neat blood 
extractions using carbonic acid pH 3.7 (blue), 0.1 M sulfuric acid pH 0.8 (green), 0.1M hydrochloric acid pH 
0.9 (black), and 50% acetic acid pH 1.1 (red). (A) Comparison of relative SERS intensities. Extraction with 
50% acetic acid produces a signal approximately 2 times greater intensity than the other acidic solutions. (B) 
Normalized spectral signatures and SERS features of various acid extractions of neat blood sample. 
 
 
     While it was shown that other acidic solutions, such as hydrochloric acid, sulfuric 
acid, and carbonic acid, visually produced a hemoglobin-like SERS signature for blood 
extraction, 50% acetic acid produced a larger signal to noise ratio spectrum that was 
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approximately two times as intense/enhanced (Figures 15A and 15B). The acids other than 
50% acetic acid appear to have protein contribution including three significant broad 
features  centered approximately at 950, 1250, and 1550 cm-1.85  Therefore, the acidic pH 
of the extracting solution seems to have a significant effect on the hemoglobin extraction 
and interaction with the SERS substrate. 
     Optimization of the concentration of acetic acid was evaluated to assess the effect 
of number density of the acid on extraction efficiency. Evaluation of samples tested at 
concentrations of 50%, 75%, and 100% acetic acid on various blood samples produced 
varying spectral characteristics (Figures 15A, 15B, and 15C). 
 
 
Figure 17. Optimization of neat bloodstains with acetic acid. Blood scratch (black), dot (green), spot (red), 




     When determining what concentration of acetic acid to use for the optimal 
extraction conditions, it was apparent that 50% acetic acid was better than both 75% and 
100% acetic acid. Higher concentrations of acetic acid produced a less-resolved doublet 
and more protein contribution as demonstrated by the larger peaks around 1150 cm-1. 
Whether it was thickly or thinly layered, the hemoglobin signature was detectable and 
distinguishable using 50% acetic acid. 
 
3.3.1 Diluted Blood 
 
     When blood spots dry, water evaporates from the outside at a faster rate than the 
center of the stain due to the viscosity and decreased surface tension on the edge.86 
Therefore, for a small blood sample volume, when the blood spot is completely dry, the 
RBC concentration is higher at the outer edge of the stain than the center. The phenomenon 
is referred to as the “coffee-stain effect” or the “ring phenomenon” and can add difficulty 





Figure 18. Coffee-stain effect of 100 µL total volume diluted and dried blood spots. Diluted blood spots 
with water of 102, 103, 104, and 105 blood dilutions (A) before drying and (B) 24-hour dried blood spots. 
Dried dilutions of 104 and lower are unable to be seen by the naked eye. 
 
 
     At blood concentrations of 102 and 103 dilutions, this phenomenon can be easily 
observed (Figures 17A and 17B). There is a thicker red ring along the outside of the dried 
bloodstain in the area in which the hemoglobin are the most concentrated. At 
concentrations of 104 and lower blood dilutions, a red tint cannot be seen in liquid samples 
nor can the ring-effect be visualized on the dried stains. This can pose difficulties in 
forensic cases due to the inability to visually observe the forensic evidence of blood.      
 
Figure 19. Blood dilutions with acetic acid solutions. SERS spectra of 102 dilutions (blue), 103 dilutions 
(red), and 104 dilutions (green) extracted with (A) 25% acetic acid and (B) 50% acetic acid. 
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     When comparing 50% acetic acid to 25% acetic acid, both extraction solvents were 
effective; however, 50% acetic acid exhibited a higher sensitivity while maintaining the 
integrity of the SERS hemoglobin spectrum (Figures 18A and 18B). Efficient extraction 
and optimal spectral resolution and intensity was demonstrated with 50% acetic acid. 
Despite the inability to visibly see a 104 blood dilution with the naked eye, SERS can 
readily detect blood at this concentration.  
 
Figure 20. Blood dilutions extracted with water and 50% acetic acid. SERS spectra of 102 dilutions 
(blue), 103 dilutions (red), and 104 dilutions (green) extracted with (A) water and (B) 50% acetic acid. 
 
     A comparison of the sensitivity of water and 50% acetic acid extractions 
demonstrated that blood samples extracted with 50% acetic acid exhibited a more robust, 
reproducible, and intense spectra of hemoglobin (Figures 19A and 19B). For the 102 
dilution, the water extraction did not exhibit the characteristic doublet observed at 1513 
and 1543 cm-1 compared to 50% acetic acid at the same dilution. With increasing dilutions, 
the robust hemoglobin spectrum extracted with water loss its integrity compared to 50% 
acetic acid, which retained the spectrum at dilutions as low as 104. Therefore, 50% acetic 
acid was more favorable for the extraction solvent for blood due to the increased sensitivity. 
 
43 
While attaining the highest SERS blood sensitivity demonstrates the strength of this 
detection method, detecting blood diluted by 105 or more is not always useful or practical 
for forensic cases. At such low concentrations, it would be difficult to distinguish between 
relevant blood cleaned up at a crime scene and the remnants of previous, insignificant 
bloodstains (e.g. a bloody nose). 
 
3.3.2 Extraction from Glass Cover Slips 
     When extracting from a glass cover slip, the coffee-ring effect facilitated further 
analysis examining optimal extraction location on the stain. Visually, the most 
concentrated area of red blood cells was located at the outer edge of the dried blood; 
however, competing proteins and other whole blood components were also present. It was 
observed that the coffee-ring phenomenon affects the diluted blood differently when there 
are different volumes of blood (Figures 20A and 20B); however, the SERS spectral features 





Figure 21. Effect of coffee-stain phenomenon on optimal extraction location. Visualization of the coffee-
ring effect of 103 diluted blood of a (A) 25 µL blood sample and a (B) 2 µL blood sample. (C) The 785 nm 
excited SERS spectra of 103 diluted blood extracted with 50% acetic acid at the edge (red) and the middle 
(black) of the 24-hour dried skeletonized stain of volumes containing 2 µL and 25 µL dilutions. There does 
not seem to be a significant spectral difference between extracting the bloodstain from the edge or the middle. 
 
     Extracting from either the middle or the outer ring of the dried blood spot did not 
seem to make a significant difference when obtaining a SERS spectrum of the 103 24-hour 
dried diluted blood (Figure 20C). Characteristic hemoglobin peaks and spectral features 
were apparent when either the outside or the middle of the stain was extracted. Therefore, 
the remaining dried blood spots extracted from a glass slide using the pipette extraction 
method were extracted from the edge to encourage the re-extraction of the most red blood 
cells. The entire dried blood spot was not able to be solubilized and collected using only 1 






3.3.3 Extraction from Porous and Nonporous Substrates 
     Due to the complexity in nature of forensic scenes, a procedure is needed to 
successfully extract blood from all surface types and characteristics in a simple and easy-
to-use manner. A recent publication examined metabolic profiling of bloodstains on 
different types of surfaces using high-performance liquid chromatography-tandem mass 
spectrometry.88 For the purpose of this SERS analysis, a wide variety of surface substrates 
were tested to analyze the efficacy of the cotton swab extraction technique. A range of 
porous (cotton, denim, fleece, nylon, acetate, wool, polyester, wood, and carpet), semi-
porous (coated wood), and non-porous surfaces (glass and ceramic) were used to 
compensate for the large variety of substrates on which blood may be deposited at a crime 
scene. Blood depositions on nonporous ceramic, semi-porous coated wood, and porous 
cotton are depicted (Figures 21A, 21B, and 21C). While fabrics such as nylon, wool, and 
fleece are porous surfaces, the inherent nature of the substrate prevented all blood deposited 
from being completely absorbed internally. Unlike polyester and acetate, thick clumps of 




Figure 22. Blood extractions from various substrates on the Renishaw inVia™ Raman spectrometer. 
Example of 24-hour dried neat blood on (A) non-porous (ceramic), (B) semi-porous (coated wood), and (C) 
porous (cotton) substrates. (D) SERS spectra of blood extraction using a cotton swab with 50% acetic acid 
from 10 µL of 24-hour dried blood on various porous and non-porous substrates including acetate, carpet, 
ceramic, coated wood, cotton, denim, fleece, glass, nylon, polyester, and wood. SERS detection of 
hemoglobin is successful regardless of the nature of the substrate. 
 
     Bloodstains were collected using a cotton swab extraction technique. The 
hemoglobin spectrum of blood was obtained from various porous, semi-porous, and 
nonporous substrates, including glass, ceramic tile, cotton, denim, fleece, nylon, acetate, 
wool, polyester, wood, and coated wood (Figure 21D). There were no apparent SERS 
spectral interferences resulting from the contact of the cotton swab with each respective 
substrate.  Thus, surface characteristics of the substrate did not seem to affect the ability to 
obtain a blood signature. This may be due to the extraction power of acetic acid and the 
large absorbency of cotton. Because SERS offers the ability to detect very limited sample 
quantity (~500 RBC/µL or less) at very high resolution, the transfer of extracted 
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hemoglobin from the cotton swab surface onto the SERS substrate by a simple tap provides 
ample amount of sample to be analyzed. 
 
Figure 23. Blood extractions from various substrates on the Metrohm Instant Raman Analyzer 
spectrometer. Blood extraction using a cotton swab with 50% acetic acid from 10 µL of 24-hour dried blood 
on various porous and non-porous substrates including glass, ceramic, cotton, denim, fleece, nylon, wool, 
and polyester. SERS detection of hemoglobin is successful on the handheld, portable Raman spectrometer, 
regardless of the nature of the substrate, which suggests this procedure can be implemented for in-field 
sample analysis. 
 
     The same cotton swab extraction technique for blood was successfully 
implemented on a portable, hand-held Raman spectrometer (Figure 22). Therefore, the 
procedure could be used in on-site sample analysis. The analyst would dip the cotton swab 
in 50% acetic acid, rub the substrate with the suspected bloodstain, tap the swab on the 
surface of the SERS substrate, and acquire a representative SERS spectrum. The device 
has the ability to compare the resulting spectrum to a library of known spectra (i.e. a body 
fluid library) and report the spectral consistency to another body fluid. Therefore, the 
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analyst could better target the collection of probative biological samples suitable for 
subsequent DNA analysis. This method is favorable over other blood detection methods 
because it is nondestructive to the evidence sample, user-friendly, inexpensive, requires 
minimal training, and is a confirmatory method for blood. 
 
Figure 24. Analysis of Metrohm gold SERS paper substrate. (A) SERS signal on the Metrohm of blank 
50% acetic acid (red) and neat blood extracted with 50% acetic acid (black). Blood cannot be differentiated 
from a blank using the Metrohm commercial gold SERS paper substrates. (B) Metrohm gold SERS paper 
substrate used. 
 
      
     Blood was pipette extracted with 50% acetic acid and placed on the paper gold 
SERS substrates and run on the Metrohm. The spectrum acquired of 50% acetic acid on 
the Au paper substrate largely resembled the spectrum of blood extracted with 50% acetic 
acid (Figure 23). In addition, the paper Au substrate had a large peak at 2137 cm-1, which 
is indicative of cyanide.89 Therefore, the commercial Au SERS paper substrates were not 
useful when analyzing a suspected bloodstain. This finding highlights an advantage to 
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using the in-house silicon Au SERS substrates, as they are suitable for a wide variety of  
uses. 
 
3.4 Optimization of Swab Substrate Material Extraction 
     The optimization of the swab material used for re-extracting blood from a substrate 
is necessary to ensure the selected material deposits maximal sample quantity onto the 
SERS substrate and accuracy of results. Cotton, nylon, and polyester swabs were analyzed 
for their sample preparation efficacy with bloodstains originating from nonporous glass 
and porous cotton substrates and subsequent deposition onto the SERS chip (Figures 24 
and 25). 
 
Figure 25. Blood extraction from glass with various swab material. Extraction of 24-hour dried blood 
from glass using 50% acetic acid-dipped cotton (red), nylon (blue), and polyester (green) swabs. Both the 
cotton swab and the nylon swab produced the hemoglobin SERS spectral characteristics with a signal to noise 





Figure 26. Blood extraction from cotton with various swab material. Extraction of 24-hour dried blood 
from cotton using 50% acetic acid-dipped cotton (red), nylon (blue), and polyester (green) swabs. All three 
swab materials produced the hemoglobin SERS spectral characteristics with a signal to noise ratio of 35:1, 
20:1, and 14:1 for cotton, nylon, and polyester swab extraction material, respectively. 
 
     Cotton, nylon, and polyester swabs were tested using the swab extraction method 
to analyze the efficacy of the extracting substrate. For extraction from a cotton (porous) 
substrate, a cotton swab was determined to be the optimal extraction material out of the 
three tested due to maximum absorbency. Visually, a cotton swab picked up the most 
blood, as evident by the most intense red color observed on the swab after contact with the 
surface. Also, the cotton swab seemed to deposit the most hemoglobin on the SERS chip 
for analysis. For the cotton substrate, on which blood was deposited, the cotton swab 
extraction provided the best SERS spectrum of blood with the large signal to noise ratio 
and the most intense spectrum with the most distinguishable blood features. For the 
extraction from a glass (nonporous) substrate, the nylon and cotton swab seemed to 
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perform similarly. While nylon had more distinguishable doublet features at 1513 cm-1 and 
1543 cm-1, both nylon and cotton swabs had similar signal to noise ratios. Polyester 
performed the worst out of the three swabs due to its inability to retain significant amounts 
of sample from either substrate. Therefore, a cotton swab was chosen to be the extraction 
swab substrate of choice for a universal extraction procedure. A cyanide peak at 2143 cm-
1 was observed and may have been due to outside air contamination or swab internal 
characteristics; it was not present in any of the swab backgrounds. The advantage to a gold 
nanoparticle-embedded SERS active swab substrate is that it eliminates the step of 
transferring the extracted sample from either the pipette tip or the cotton swab onto the 
SERS chip. This allows for a direct analysis on the collection item and introduces a larger 
sample concentration. If optimized, the Au swab substrate would be a useful alternative. 
 
3.5 Optimization of Gold SERS Swab Substrate Extraction 
     The in-house silicon gold SERS substrate developed was determined to be a user-
friendly universal SERS substrate to acquire spectral data. A SERS-active collection swab 
with gold nanoparticles already embedded would be a useful product to employ. Direct 





Figure 27. Spectra of gold nanoparticle-embedded swab SERS substrates. Extraction of neat blood on 
glass using AuNP cotton swab SERS substrates (red), AuNP nylon swab SERS substrates (blue), and AuNP 
polyester swab SERS substrates (green) dipped in 50% acetic acid. The AuNP cotton swab substrate produces 
the most recognizable hemoglobin spectrum; however, the results are not as distinguishable than the SERS 
chips. 
 
     Other SERS substrates were explored in addition to the chip substrate prepared in-
house. Gold nanoparticles embedded in cotton, nylon, and polyester swabs were prepared 
in-house. The AuNP embedded swab substrates were dipped in 50% acetic acid and rubbed 
on the surface of a blood spot and then spectra of the swab were acquired using the Raman 
spectrometer. The AuNP embedded SERS-active cotton swab was a more suitable 
substrate due to the more apparent, intense, and well-resolved hemoglobin spectral features 
compared to the AuNP embedded SERS-active nylon and polyester swabs (Figure 26). 
There appeared to be a peak around 1610 cm-1, which was the only artifact on the spectrum 
that differed from the distinguishable blood spectrum. This may have been attributable to 
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the natural protein present in cotton. However, PLS-DA analysis would still be able to 
classify the resulting spectra from the three AuNP embedded SERS-active swab substrates 
as blood. The spectra obtained by the SERS gold nanoparticle chip was more sensitive, 
robust, and reproducible compared with that obtained using the AuNP embedded cotton 
swab. The sensitivity and specificity of the AuNP cotton swabs are less favorable than the 
SERS chips.  
 
3.6 Cyanide and Thiocyanate in Blood 
    Thiocyanate and cyanide are both naturally occurring in the human body, and, thus, 
are present in human blood at low concentrations.90 Thiocyanate was present in SERS 
spectra of blood at approximately 2100 cm-1 and cyanide appeared at approximately 2143 
cm-1 (Figure 27).69,89,91  This may have been due to the cyanide in the air being deposited 
onto the chip or to trace amounts naturally found in human blood. This peak at 2143 cm-1 
may pose a difficulty when comparing blood and saliva mixtures using SERS due to the 
prominent peak of thiocyanate in the saliva SERS spectrum at 2113 cm-1. A blood and 





Figure 28. Competing SERS spectral characteristics in blood and saliva. A thiocyanate peak (~2113 cm-
1) that is present in high concentrations in saliva may be confused with a cyanide peak (~2143 cm-1) in blood 
and could be problematic in SERS qualitative and quantitative analysis of blood and saliva mixtures. 
 
3.7 Luminol-Treated Blood 
     Often, after a crime has occurred, the perpetrator attempts to clean up blood that 
may have been deposited at a crime scene. Stains are often cleaned only until they can no 
longer be seen by the naked eye. A common presumptive test used at crime scenes to locate 
trace amounts of blood is luminol. The development of a procedure that can either confirm 
the presence of a suspected latent bloodstain or be used in conjunction with luminol is 
necessary to allow versatility of SERS analysis. 
 
3.7.1 Neat Concentrations of Luminol 
     A SERS spectrum of blood was successfully obtained with neat blood and was not 
easily distinguishable at concentrations of 102, 103, and 104 dilutions (Figure 28C). At the 
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diluted concentrations, the SERS spectra appeared to be dominated by the luminol product 
that remained on the top surface of the blood spot after application. 
 
Figure 29. Neat luminol-treated diluted blood samples. 102 to 106 blood dilutions (A) before luminol 
additions and (B) during the chemiluminescence reaction. (C) SERS spectra of luminol-treated stains of 50 
µL neat blood, 102, 103, and blank luminol spots. PLS-DA most probable classification using the training 
data model with blood (red), saliva (green), semen (blue), urine (cyan), and vaginal fluid (magenta) of 
unknowns (black) (D) neat blood, (E) 102 diluted blood, (F) 103 diluted blood, and (G) luminol. 
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     PLS-DA analysis using a neat luminol concentration solution only successfully 
classified experimental spectra of the neat blood sample as blood when utilizing the 
training data set consisting of blood, saliva, semen, urine, and vaginal fluid library spectra 
(Figures 28D, 28E, 28F, and 28G). Four out of the 5 spectra of 102 diluted blood extraction, 
after pre-treatment with luminol, were classified as blood. Concentrations of 103 dilution 
and lower did not classify as blood using PLS-DA. Qualitatively, the spectra 102 dilution 
of blood did not appear significantly similar to the blood spectrum; however, due to the 
sensitivity and specificity of the statistical analysis, PLS-DA was able to correctly classify 
the luminol-treated 102 diluted blood sample. For quality control, a neat luminol solution 
was applied to a blank coverslip, and the resulting spectra did not classify as blood.  
 
3.7.2 Diluted Concentrations of Luminol 
      A diluted solution of luminol was tested to see if the interfering luminol spectral 
features would diminish while still providing sensitive detection for potential bloodstains. 
When using a 1:100 luminol diluted preparation of luminol (56.4 µM), the blue 
chemiluminescent presumptive identification of blood was visually observed at 
concentrations as low as 104 dilution for 50 µL dried blood spots (Figures 29A and 29B). 
The use of a 1:100 diluted solution of standard luminol enabled the SERS detection of 
blood at concentrations as low as 103 dilution (Figure 29C). The 754 cm-1 peak was 
observed at concentrations as low as 103 dilution, and the doublet at 1513 and 1543 cm-1 





Figure 30. One to one hundred diluted luminol-treated diluted blood samples. 102 to 106 blood dilutions 
(A) before luminol additions and (B) during the chemiluminescence reaction. (C) SERS spectra of 1:100 
luminol-treated stains of 50 µL neat blood, 102, 103, and blank luminol spots. PLS-DA most probable 
classification using the training data model with blood (red), saliva (green), semen (blue), urine (cyan), and 
vaginal fluid (magenta) of unknowns (black) (D) neat blood, (E) 102 diluted blood, (F) 103 diluted blood, and 
(G) 104 diluted blood. 
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     PLS-DA analysis using a 1:100 luminol solution successfully classified all 
experimental spectra of the neat blood sample, 102 dilution, and 103 dilution as blood when 
utilizing the training data set consisting of blood, saliva, semen, urine, and vaginal fluid 
spectra (Figures 29A, 29B, 29C, and 29D). A concentration of 104 dilution did not correctly 
classify as blood using PLS-DA. Using a 1:100 luminol concentration was a favorable 
method for the detection of blood, which still provided an experimentally comparable 
chemiluminescence detection limit of a 104 dilution. The diluted luminol solution 
maintained its sensitivity while enabling the ability of SERS classification an order of 
magnitude more sensitive.  
     
3.7.3 A Forensically Relevant Sample 
     The detection of neat blood that was first deposited on a ceramic tile and 
subsequently wiped clean was a more forensically relevant sample (Figures 30A and 30B). 
It simulated the process that a perpetrator would follow when cleaning up a crime scene 
because the surface contains no visible blood. The use of a 1:100 diluted solution of luminol 
for preliminary identification of blood results in a blue chemiluminescent to be visualized 
in the dark (Figure 30C). SERS enhancement is highlighted in this forensically relevant 
sample in which blood is detected even after a cleanup of blood has occurred using the 





Figure 31. Sensitivity of cleaned up blood with 1:100 luminol on ceramic panel. Ceramic panel with (A) 
1 mL of neat blood deposited and (B) visual cleanup of blood before luminol addition. (C) 
Chemiluminescence observed from 1:100 luminol solution sprayed on “cleaned” ceramic. (D) SERS spectra 
of the cleaned-up blood before luminol addition (red), the ceramic panel after 1:100 luminol-treatment 
(black), and a 1:100 luminol blank (blue).  
 
     This in itself is a beneficial tool because, if one suspects there is trace amounts of 
blood in an area of a crime scene, the investigator may swab that area and acquire a SERS 
spectrum to confirm the presence of blood. In addition, if an investigator uses a 1:100 
dilution of luminol solution to use as a presumptive indicator of blood, it produces the 





     SERS analysis of blood offers a unique method for potentially non-destructive 
detection and identification of trace amounts of blood at a crime scene. The use of SERS 
eliminates the need for colorimetric presumptive blood tests that have a plethora of 
corresponding false positives. In addition, SERS is a confirmatory method for the 
identification of blood because its mechanism is based on unique components/molecules 
that make up the body fluid. For the identification of blood, SERS detects the hemoglobin 
signature – one that is only found within a blood sample. Compared to normal Raman 
spectroscopy, SERS requires orders of magnitude less sample size, is accomplished much 
faster, offers a more robust vibrational signature, and requires much less incident laser 
power.35,73–75,92,93  
 
4.1 Recommended Extraction Method 
     The optimal extraction solvent for blood was 50% acetic acid when using a SERS 
substrate with SPR around 800 nm and thus maximized for a 785 nm excitation SERS 
detection. The optimal extraction method for blood on a nonporous substrate was 
determined to be pipetting 1 µL of 50% acetic acid three times on the bloodstain. If the 
bloodstain is on a porous substrate and is absorbed, the cotton swab extraction method of 
dipping the swab into 50% acetic acid and rubbing the cotton swab on the surface produced 
best spectral features and enhancement. The use of a gold-nanoparticle-embedded cotton 
swab substrate can be applied to neat blood samples on porous and nonporous substrates 
for a one-step analysis. If applicable, however, the use of a cotton swab dipped in 50% 
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acetic acid and deposited on the SiO2 SERS chip is the optimal method of detection due to 
the impeccable sensitivity of the SERS chip. 
 
4.2 Future Studies   
4.2.1 Menstrual Blood and Body Fluid Mixtures 
     Future research and studies include, but are not limited to, further analysis of 
menstrual blood identification and differentiation from neat blood and neat blood and 
vaginal fluid mixtures. Previous SERS studies in this laboratory have been performed to 
discriminate menstrual blood and vaginal fluid using water and saline.71 Preliminary 
analysis of menstrual blood using the current 50% acetic acid extraction method yielded 
inconsistent results, as a function of its inherent biological complexity. Collection from a 
cotton swab on the surface of the bloodstain yielded a SERS spectrum consistent with 
hemoglobin; however, when extracting from a stain cutting and immersing the sample, a 
SERS spectrum consistent with vaginal fluid was observed (data not shown). Therefore, 
while it is dominated by blood, other menstrual blood components such as vaginal fluid 
and secretions may be a problematic contribution in the SERS signal.  
     In addition, additional body fluid mixtures, such as blood and saliva or blood and 
semen, are beneficial for differentiating for forensic purposes to yield DNA profiles. In a 
sexual assault, the presence of blood, vaginal fluid, semen, saliva, and possibly menstrual 
blood could be possible; therefore, the need to differentiate the body fluids is an important 
ability for forensic analysis; however, one difficulty for the analysis of a blood and saliva 
mixture is the thiocyanate and cyanate peaks that are naturally occurring in blood alone. 
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Further research is required to attempt to minimize the cyanide contribution on the SERS 
substrates in order to accurately be able to identify blood and saliva mixtures. 
 
4.2.2 Contamination Factors 
     Analysis of blood in the presence of contaminating or degradation factors is useful 
for forensic purposes. A blood sample mixed with contaminants such as soil, road, and 
dirty surfaces, could potentially interfere with SERS detection of blood. While the 
sensitivity of single-molecule detection using SERS is very valuable, in cases like these, it 
could be problematic. Further purification and extraction experiments need to be done. In 
addition, the use of a different excitation wavelength in conjunction with a SERS substrate 
redesigned to have a SPR around 550 nm could provide higher sensitivity and introduce 
other hemoglobin spectral features. 
 
4.2.3 Identification of Precise Spectroscopic Differences 
     An in-depth analysis on the minute SERS spectroscopic differences produced 
would be useful to differentiate donor and time variability. Further analysis to pinpoint 
specific changes of characteristic peak frequency shifts or intensities could assist in 
differentiating changes in blood composition attributed to diet, health, gender, age, or other 
personal details. The ability to individualize the use of SERS detection would be useful to 
the forensic field. In addition, spectral analysis of the SERS features of time-dependent 
samples would be an insightful revelation. Slight differences in the SERS spectrum could 
assist forensic analysts to determine how long a sample has been deposited at the scene and 
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therefore, could provide pertinent information such as the time a crime occurred or time-
since-death. The powerful tool of PLS-DA may be able to statistically identify and classify 
these precise spectral differences. Research focusing on the detection of oxy-hemoglobin 
or met-hemoglobin from a variety of time-aged blood samples would be useful toward 
achieving this goal.    
 
4.2.4 Metrohm Instant Raman Analyzer (Mira) Portable Unit 
     The Mira portable Raman instrument offers the ability to analyze suspected body 
fluid samples at the crime scene using a SERS attachment. With the simple and user-
friendly blood extraction method and the light-weight portable unit, a forensic scientist 
would be able to quickly analyze and confirm the presence of a body fluid using SERS. 
The relatively immediate (~30 seconds) results using the Metrohm provide rapid sample 
analysis and the methodology requires minimal training. It is a cost- and time-effective 
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